The mammalian vomeronasal organ detects social information about gender, status, and individuality. The molecular cues carrying this information remain largely unknown. Here, we show that small peptides that serve as ligands for major histocompatibility complex (MHC) class I molecules function also as sensory stimuli for a subset of vomeronasal sensory neurons located in the basal Gao-and V2R receptor-expressing zone of the vomeronasal epithelium. In behaving mice, the same peptides function as individuality signals underlying mate recognition in the context of pregnancy block. MHC peptides constitute a previously unknown family of chemosensory stimuli by which MHC genotypic diversity can influence social behavior.
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The mammalian vomeronasal organ detects social information about gender, status, and individuality. The molecular cues carrying this information remain largely unknown. Here, we show that small peptides that serve as ligands for major histocompatibility complex (MHC) class I molecules function also as sensory stimuli for a subset of vomeronasal sensory neurons located in the basal Gao-and V2R receptor-expressing zone of the vomeronasal epithelium. In behaving mice, the same peptides function as individuality signals underlying mate recognition in the context of pregnancy block. MHC peptides constitute a previously unknown family of chemosensory stimuli by which MHC genotypic diversity can influence social behavior.
The mammalian vomeronasal organ (VNO) is essential for social recognition. Vomeronasal sensory neurons (VSNs) detect pheromones and other chemosignals that carry information about gender, sexual and social status, dominance hierarchies, and individuality, but it has been very difficult to define the molecular nature of these chemosignals (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The VNO epithelium is segregated into two distinct zones, both of which express a unique set of transduction-related molecules (2, 3, 10-12): (i) an apical (superficial) zone that expresses the G protein Gai2 as well as members of the V1R family of vomeronasal receptors (È150 genes) and (ii) a basal (deep) zone that characteristically contains VSNs that express Gao and members of the V2R receptor family (9150 genes). The few molecules that have been identified as sensory stimuli thus far are all small, urine-derived volatiles that activate VSN subpopulations in the apical zone (4, 8, 12, 13) . Stimuli for VSNs in the basal zone have not yet been found, nor has it been possible to identify any nonvolatile molecules that are widely assumed to be detected by the VSNs (1-3, 9, 12).
We hypothesized that peptide ligands of the major histocompatibility complex (MHC) class I molecules, in addition to their wellestablished role in the immune system (14) , may function as sensory stimuli for VSNs.
MHC peptides are excellent candidates for social recognition signals that convey information about genetic individuality. The polymorphisms of MHC molecules directly translate into structurally diverse peptidebinding grooves, such that different MHC molecules bind different peptides (14) . Hence, the structures of peptide ligands mirror the structures of MHC molecules and thus provide a unique molecular signature for each individual. When peptide/MHC complexes are not retained at the cell surface but are instead released into the extracellular space and appear in the urine and other bodily secretions (15) , any information contained in their chemical complexity becomes a property of the entire individual and potentially can be used for interindividual communication (16) .
By using an intact VNO preparation to record extracellular field potentials from the microvillous surface of the sensory epithelium (4), we tested whether known ligands of MHC class I molecules (14) Etable S1 and Supporting Online Material (SOM) Text^elic-it electrical responses in VSNs of C57BL/6 mice (17). These ligands were chosen to correspond to prototypical representatives for two disparate H-2 haplotypes, namely AAPDNRETF (for the H-2 b haplotype of C57BL/6 mice) and SYFPEITHI (for the unrelated H-2 d haplotype of BALB/c mice) (14, 18) . Both peptides evoked negative field potentials in a dose-dependent manner in the VNOs of female C57BL/6 mice carrying the H-2 b haplotype, indicating that cognate MHC class I molecules are not required for this response. Threshold responses were observed with concentrations below 10 j11 M and 10 j12 M, respectively (Fig. 1, A to D) . Control peptides in which the characteristic anchor residues of the two MHC class I ligands were replaced by alanines (i.e., AAPDARETA and SAFPEITHA, respectively) failed to activate VSNs at all concentrations tested (up to 10 j7 M) (Fig. 1 , E and F), indicating that certain structural features of peptides may be required for VSN activation and ruling out an involvement of trace by-products from peptide synthesis and purification in the registered responses. Peptide-induced potentials were abolished by 2-aminoethoxydiphenyl borate (2-APB) (50 6M) (Fig. 1G) , a blocker of Ca 2þ -permeable, diacylycerol-gated cation channels essential for VNO transduction, in keeping with results obtained for urine stimuli (19) .
Next, we investigated the cellular logic underlying peptide recognition and discrimination in the VNO. We first used freshly dissociated VSNs from a transgenic C57BL/6 mouse strain in which all mature VSNs can be visualized on the basis of their expression of green fluorescent protein (GFP) under the control of the regulatory sequences of the OMP gene (20) . VSNs generate an increase in intracellular Ca 2þ concentration in response to chemostimulation (4, 13, 21) . Cells were loaded with a Ca 2þ indicator dye, fura-2, and cellular responses were examined optically. Transient somatic Ca 2þ elevations to peptide stimulations were reproducibly detected in a subset of GFP-positive cells (Fig. 2, A and B) . A total of 27 cells responded to stimulation with AAPDNRETF or SYFPEITHI peptides. Of these cells, 10 responded only to the D b ligand, 15 only to the K d ligand, and 2 cells responded to both peptides. The response to structurally different peptides is thus specific for individual subsets of VSNs, with only minimal overlap. We then systematically analyzed the spatial representation of peptide responses in large populations of VSNs in the sensory epithelium by using in situ mapping of neuronal activity (4). Each peptide produced robust and reproducible increases in intracellular Ca 2þ in specific subsets of VSNs when tested in such slices (Fig. 2 , C to K). In total, we imaged 5183 VSNs (26 slices from 22 mice) of which 85 cells (1.6%) responded to peptide ligands. These signals were reversibly abolished by 2-APB (50 6M) (Fig.  2E ), in accord with the field potential recordings of Fig. 1G . Analysis of stimulusresponse curves of single VSNs responding to either AAPDNRETF or SYFPEITHI established that these cells are exceptionally sensitive detectors of MHC peptides, with activation thresholds near or below 10 j12 M. VSNs responding to the same peptide exhibited almost identical dose-response curves (Fig. 2, I and J). The sets of neurons acti- vated by structurally different peptides were largely distinct, with only a few cells responding to both peptides (Fig. 2, C, D S1 and SOM Text) and that VSNs activated by synthetic peptides respond also to urine obtained from mice of the relevant haplotype ( fig. S2 ).
Peptides were recognized by sparse populations of VSNs that were widely distributed in the sensory epithelium (Fig. 2, C and  D) . We noted that activated VSNs were mostly localized to the basal half of the epithelium. Almost one-third of these cells (16/53 or 30%) were found at the very base of the epithelium, close to the basal lamina (Fig. 2, C and D, black arrows) . Do peptidedetecting neurons thus belong to those of the basal zone? To address this question, we first identified peptide-sensitive VSNs by in situ Ca 2þ mapping and then immunostained the tissue with antibodies against Gao Especific for the basal zone (2, 3, 10-12)^and phosphodiesterase PDE4A Especific for the apical zone (22)^(fig. S3A ). All 18 peptide-sensitive VSNs were identified as Gao-positive and PDE4A-negative, irrespective of whether they were located in deep or more superficial regions of the epithelium ( fig. S3 , B to E). This result was confirmed with dissociated VSNs by using Gao antibody (23) . To demonstrate that peptide-sensitive VSNs express V2R receptors, we used an antibody that recognizes the V2R2 receptor, which is broadly expressed in the basal VNO layer (24) . Double-label immunohistochemistry showed that V2R2 is coexpressed in all Gao-positive VSNs ( fig. S3, F to H) . Combining in situ Ca 2þ mapping and V2R2 immunolabeling, we showed directly that peptide-sensitive VSNs express V2Rs (fig. S3, I to K) (n 0 7).
To determine whether peptide stimulation leads to action potential generation in single VSNs, we used the loose-patch technique to register extracellular spike activity from visually identified VSNs in VNO slices (4). At 10 j11 M, the MHC peptides elicited excitatory, sequence-specific responses in a subset of basal VSNs (Fig. 3A) (n 0 6) , consistent with the Ca 2þ imaging data. We also used whole-cell current clamp recordings from VSNs in slices (19) to demonstrate directly that peptide stimulation produced a membrane depolarization that, in turn, evoked action potential discharges (Fig. 3B ) (n 0 5).
What are the structural constraints underlying peptide discrimination? We hypothesized that the peptide anchor residues may substantially contribute to the specific recognition by VSNs. Indeed, two different ligands of the K d MHC molecule, SYFPEITHI and SYIPSAEKI (14, 18) , which share the same anchor residues (Y and I) at positions 2 and 9, respectively, but differ substantially in the other positions, activated the same 6 neurons (out of 1109 cells imaged), and their stimulus-response curves were nearly identical (Fig. 4, A to E). VSNs that recognized only one, but not the other, peptide were not observed. The recognition mode of such peptides may thus at least partially resemble that of MHC molecules.
Given that the anchor residues of peptides appear to be essential for VSN activation and that a goldfish V2R-like receptor is known to recognize free amino acids (25) , it was necessary to rule out that the VSN responses were caused by free amino acids. Isoleucine (10 j12 M), the C-terminal anchor residue in the K d peptides, failed to generate a Ca 2þ signal in five of five cells that detected SYFPEITHI and SYIPSAEKI (Fig. 4D) . It also failed to produce a response in 881 other VSNs with unknown tuning properties. Furthermore, in field potential recordings, a mixture containing all amino acids (in free form, each at 10 j11 M) that constitute the SYIPSAEKI peptide failed to induce any response ( Fig. 4F) (n 0 11) . Likewise, a scram- bled version of the D b ligand AAPDNRETF, ANPRAFDTE, failed to evoke any response (Fig. 4G) (n 0 14) . Thus, peptides must meet precise structural specifications for VSN activation, and peptides of random sequence are unlikely to function as ligands for the receptors on VSNs.
Given that MHC peptides activate VSNs in a sequence-specific manner, they could potentially function as individuality signals during social recognition. In mice, selective pregnancy failure Ethe Bruce effect (26)^rep-resents an excellent paradigm to assess this hypothesis in vivo, because it depends critically on signaling via the accessory olfactory system (SOM Text) and requires the capacity to differentiate between individuality cues (27) . Female mice of the BALB/c inbred strain (H-2 d haplotype) were mated with BALB/c males and then exposed to urine taken from either a BALB/c male (mating male urine) or C57BL/6 male (unfamiliar male urine; H-2 b haplotype). Application of the unfamiliar urine, coincident with the postmating peaks in prolactin levels, reliably resulted in a high level of pregnancy failure, whereas the familiar urine did not (Fig. 5 , experiments 1 and 2). When BALB/c females were mated with C57BL/6 males, pregnancy block occurred after the application of BALB/c urine, but not of C57BL/6 urine (Fig. 5, experiments 3 and 4) , establishing the strain specificity of pregnancy block (28) . To test whether familiar male urine could be converted to unfamiliar urine, we added peptides of disparate H-2 haplotype specificity. Exposure of BALB/c-mated BALB/c females to a mixture of H-2 b class I peptides in BALB/c mating male urine was equally effective as C57BL/6 urine (Fig. 5,  experiment 6 ). The addition of a mixture of H-2 d peptides had no effect (Fig. 5, experiment 5) . Conversely, exposure of C57BL/6-mated BALB/c females to BALB/c peptides in C57BL/6 mating male urine was effective at blocking pregnancy; here, C57BL/6 peptides were ineffective. Experiments 5 to 8 show that peptides per se do not cause pregnancy failure and that this function depends on the previous mating combination. The overall occurrence of pregnancy block upon exposure to the strange male H-2 peptides of 64% (n 0 47; combined results of experiments 6 and 7) was significantly higher than the 25% (n 0 24; combined results of experiments 5 and 8) elicited by exposure to mating male H-2 peptides (P 0 0.002, Fisher exact probability test).
Our experiments identified an unexpected role for MHC class I peptides as chemosensory stimuli. MHC class I ligands are recognized by VSNs in the basal layer of the VNO. Recognition of peptides by VSNs is independent of MHC haplotype, and peptides specific for different MHC molecules (i.e., carrying different anchor residues) generate unique VSN activation patterns, providing the basis for the neural representation of the structural diversity of this new family of chemosignals.
Our data demonstrate that the VNO can detect both nonvolatile and volatile stimuli, a result that is fully compatible with early predictions (29) . Peptide responses were found exclusively in Gao-and V2R-positive neurons, whereas responses to volatile stimuli have been mapped to the apical V1R-expressing zone (4) . Whether this functional segregation is true for all vomeronasal stimuli remains to be seen. V2R receptors constitute a large family of orphan receptors (2, 3, 10-12) that differ from V1Rs and olfactory receptors by the presence of a large N-terminal domain. They are coexpressed with MHC class Ib molecules at the cell surface of VSNs (30, 31) . MHC class Ib molecules can bind peptides, but they lack the typical peptide-binding groove and specificity of classical MHC class I molecules (32) . Sequence-specific recognition of peptides may thus be achieved by the N-terminal domain of certain V2R receptors (or receptor combinations), whereas the MHC class Ib molecules may serve as a general presentation device. Given the limited diversity of amino acid residues occupying the two anchor positions of mouse MHC class I peptides (14), we estimate that about 50 different receptors should be sufficient to discriminate ligands from all known mouse MHC class I molecules.
Considerable work has focused on the main olfactory system in the detection of MHC-related odor signals (33, 34) . Our results highlight the role of the VNO in this process but do not preclude a role of the main olfactory system in individual recognition, nor do they preclude a role for other molecules such as volatile urinary constituents (34) or polymorphic major urinary proteins (35 
We found that the autophagic machinery could effectively eliminate pathogenic group A Streptococcus (GAS) within nonphagocytic cells. After escaping from endosomes into the cytoplasm, GAS became enveloped by autophagosome-like compartments and were killed upon fusion of these compartments with lysosomes. In autophagy-deficient Atg5 j/j cells, GAS survived, multiplied, and were released from the cells. Thus, the autophagic machinery can act as an innate defense system against invading pathogens.
Autophagy mediates the bulk degradation of cytoplasmic components in eukaryotic cells in which a portion of the cytoplasm is sequestered in an autophagosome and eventually degraded upon fusion with lysosomes (1-3). Streptococcus pyogenes (also known as group A Streptococcus, GAS) is the etiological agent for a diverse collection of human diseases (4). GAS invades nonphagocytic cells (5, 6) , but the destination of GAS after internalization is not well understood.
To clarify the intracellular fate of GAS, especially any possible involvement of autophagy, we first investigated whether intracellular GAS colocalizes with LC3, an autophagosome-specific membrane marker, following invasion of HeLa cells (7) (8) (9) . After infection, GAS strain JRS4 cells colocalized with LC3-positive vacuole-like structures in HeLa cells (Fig. 1A) . The size (5 to 10 6m) and morphology of the structures were distinct from standard starvation-induced autophagosomes with a diameter of about 1 6m ( fig. S1A ), so we designated these structures GAS-containing LC3-positive autophagosome-like vacuoles (GcAVs). The number of cells bearing GcAVs, the area of GcAVs, and ratio of GAS trapped in GcAVs to total intracellular GAS increased in a timedependent manner, reaching a maximum at 3 hours after infection (Fig. 1 , B and C; figs. S1B and S2A). A similar result was obtained in mouse embryonic stem (ES) cells (figs. S2B and S3A). About 80% of intracellular GAS were eventually trapped by the compartments (Fig. 1C; fig. S1B ). LC3 frequently surrounded GAS, fitting closely around a GAS chain (Fig. 1, D and E; movie S1). LC3 exists in two molecular forms. LC3-I (18 kD) is cytosolic, whereas LC3-II (16 kD) binds to autophagosomes (7, 8) . The amount of LC3-II, which directly correlates with the number of autophagosomes (8), increased after infection (Fig. 1F) . Thus, GAS invasion appears to induce autophagy, specifically trapping intracellular GAS.
To substantiate this idea, we examined GcAV formation in Atg5-deficient (Atg5 j/j ) cells lacking autophagosome formation (7) . In contrast to the wild-type cells ( fig. S2 , B and C), no GcAVs were observed in Atg5 j/j ES cells (J1-2) ( Fig. 2A) or in Atg5 j/j mouse embryonic fibroblasts (MEFs) (fig.  S2C ). Thus, GcAV formation requires an Atg5-mediated mechanism. We also examined LC3-II formation. During infection with GAS, Atg5 j/j cells showed no induction of LC3-II (Fig. 2B) . By electron microscopy, in wild-type MEF cells infected with GAS, we observed characteristic cisternae surrounding GAS in the cytoplasm (Fig. 2C) . No GAS were found surrounded by the membranes in Atg5 j/j cells (Fig. 2C) . The autophagosomelike multiple membrane-bound compartment containing GAS was also found in HeLa cells (Fig. 2D) .
Next, we asked whether the bacteria are killed or survive after entering the compartments. To address this question, we directly scored bacterial viability by counting colonyforming units (CFU viability assay) in wild-type and Atg5 j/j MEFs (Fig. 2E) . In wild-type MEFs at 4 hours after infection, intracellular GAS had been killed (Fig. 2E) , whereas the decrease of GAS viability was suppressed in the Atg5 j/j MEFs. Tannic acid is a cellimpermeable fixative that prevents fusion between secretory vesicles and the plasma membrane but does not affect intracellular membrane trafficking (10) . In Atg5 j/j cells treated with tannic acid to prevent external escape of GAS, the viable bacteria increased by 2 hours after infection and maintained this level at 4 hours after infection (Fig. 2E) . In contrast, the numbers of intracellular GAS decreased rapidly in tannic acid-treated wild-type cells as well
